Grass carp reovirus (GCRV) is a member of the Aquareovirus genus of the family Reoviridae, a large family of dsRNA viruses infecting plants, insects, fishes and mammals. We report the first subnanometer-resolution three-dimensional (3D) structures of both GCRV core and virion by cryoelectron microscopy (cryoEM). These structures have allowed the delineation of interactions among the over 1000 molecules in this enormous macromolecular machine, and a detail comparison with other dsRNA viruses at the secondary structure level. The GCRV core structure shows that the inner proteins have strong structural similarities even at the level of secondary structure elements with those of orthoreoviruses, indicating that the structures involved in viral dsRNA interaction and transcription are highly conserved. In contrast, the level of similarity in structures decreases in the proteins situated in the outer layers of the virion. The proteins involved in host recognition and attachment exhibit the least similarities to other members of Reoviridae. Furthermore, in GCRV, the RNA-translocating turrets are in an open state and lack a counterpart for the σ1 protein situated on top of the close turrets observed in mammalian orthoreovirus (MRV). Interestingly, the distribution and organization of GCRV core proteins resembles those of the cytoplasmic polyhedrosis virus (CPV), a cypovirus and the structurally simplest member of the Reoviridae family. Our results suggest that GCRV occupies a unique structure niche between the simpler cypoviruses and the considerably more complex MRV, thus providing an important model for understanding the structural and functional conservation and diversity of this enormous family of dsRNA viruses.
Introduction
Reoviridae is one of the largest families of viruses and comprises at least 12 genera of viruses with segmented dsRNA genomes. 1; 2 These viruses are enormous macromolecular machines with the remarkable ability of endogenous RNA transcription either in vivo, inside the host cytoplasm, or in vitro, in a cell-free environment. Despite having a highly conserved and characteristic endogenous transcription mechanism, viruses in this family infect a wide variety of organisms, including mammals, lower vertebrates and invertebrates, and even plants. Genus Aquareovirus of the Reoviridae family consists of viruses that mainly infect aquatic animals such as bony fish and shellfish isolated from both sea and freshwater origins. 3 Some Aquareovirus isolates can lead to severe epidemic hemorrhagic disease and pancreatitis in fish, although the majority has been isolated from seemingly healthy finfish and shellfish. 4 Grass carp reovirus (GCRV), which is considered to be the most pathogenic aquareovirus, was first identified from a breakout of hemorrhage disease affecting a vast majority (~85%) of fingerling and yearling grass carp from southern China. 5 Due to its virulence, GCRV serves as a suitable model for studying the replication and pathogenesis of aquareoviruses in general.
Like most other members of Reoviridae, GCRV is a multilayer spherical particle with a diameter of about 800 Å enclosing a dsRNA genome of eleven segments. 6 The virus replicates well in the CIK (Ctenopharyngodon idellus kidney) cell line at 25 − 30°C and produces a typical cytopathic effect consisting of large syncytia in its sensitive cells. In addition, the virions are very robust as they are resistant to both chloroform and ether, and remain infectious between pH 3-10 and at high temperatures.7 ; 8 Serological analyses indicated that GCRV does not have any antigenic relationship to human rotaviruses and reoviruses, with the exception of a very weak agglutinating reaction observed during a hemagglutination test with human type O blood cells. 9 Six or seven established sub-genogroups (Aquareovirus A-F and/or G) comprising more than 50 different isolates have been identified among the aquareovirus isolates by dsRNA genome electrophoresis and correlated RNA hybridization, as well as antigenic property analyses. 5; 6 Among them, GCRV and striped bass reovirus (SBRV, Aquareovirus A) have been characterized the best.10 ; 11 Sequence and phylogenic analyses indicated a relatively higher level of sequence homology between aquareoviruses and mammalian orthoreoviruses (MRV) as compared to other members of the family. 10; 12 Many viruses in the family Reoviridae have been subjected to extensive three-dimensional (3D) structural analyses --sometimes up to atomic resolution --by X-ray crystallography and single particle cryo-electron microscopy (cryoEM). Examples include members of the genera Orthoreovirus, 13; 14; 15 Rotavirus ,16 Orbivirus 17 and Cypovirus 18 etc. In contrast, structures of aquareoviruses have been determined only to about 20-Å resolution. 11; 19; 20 As a result, a definitive structural comparison at the secondary structure level of aquareovirus with viruses in other genera is lacking and the issue of its classification remain controversial. 12;21 To fill in the missing structural information gap regarding the aquareovirus genus at a resolution sufficient for comparison of protein folds, we have determined the 3D structures of the GCRV core and virion at sub-nanometer resolution by single particle cryoEM reconstruction. The structure of GCRV core shows that the proteins on the innermost layer bear strong structural similarities to those of MRV even at the level of secondary structures and 3D folds, indicating that, as expected, the proteins involved in viral dsRNA interaction and transcription are highly conserved across different genera. However, the attachment of VP6 clamping protein to this innermost layer is different from that in MRV, but is the same as in the cytoplasmic polyhedrosis virus (CPV), a cypovirus and the structurally simplest member of the Reoviridae family. Beyond the core, GCRV begins differentiating itself in protein compositions and in domain structures of homolog proteins and shows significant divergence from those of other Reoviridae members. Thus, viral proteins involved in host interactions have evolved significantly in their structures. The structural data clearly suggests that GCRV occupies a unique structural niche when compared to other well studies members of the Reoviridae and serves as an important model system for understanding the diversity and conservation of this enormous family of dsRNA viruses.
Results

CryoEM of GCRV inner cores and virions
One of the challenges in structural studies of aquareoviruses is the difficulty in deciphering molecular interactions among the large number of structural proteins making up the inner and outer capsid shells. 11; 19; 20 In order to eliminate ambiguities in resolving molecular boundaries between the inner and outer shell capsid proteins of GCRV, we imaged both the double-shelled, GCRV virions and the simpler, single-shelled GCRV inner core particles; and determined their structures to subnanometer resolution independently. Figure 1A and 1B show representative cryoEM CCD image frames of the frozen hydrated GCRV core and intact virion particles, respectively. The core particles are 810 Å in diameter, when including the turret projections at its fivefold vertices (arrowhead in Fig. 1A) , and ~610 Å excluding them (Fig. 1A) . Each virion particle is ~880 Å in diameter. A well defined electron lucent boundary divides the virion capsid into an inner and an outer layer (arrow in Fig. 1B) . The 3D reconstructions of the core and intact virion were reconstructed from 3697 and 2755 particles, respectively. The effective resolution of both maps was ~9 Å based on the 0.5 cutoff of Fourier shell correlation coefficient between independent reconstructions. To our best knowledge, the subnanometer-resolution reconstructions clearly revealed helices and β sheets, thus allowing a detailed structural description of all five aquareovirus capsid proteins and their interactions at secondary structure level for the first time.
Overall 3D structures of the GCRV core and virion
The shaded surface view of GCRV core structure shows a T=1 capsid shell of 810 Å in diameter, with twelve prominent flower-like turrets on the twelve icosahedral fivefold vertices and 120 less prominent surface protrusions decorating the twenty icosahedral facets (Fig. 2A) . The GCRV core is composed of 5 proteins: VP1, VP2, VP3, VP4 and VP6, which, based on aminoacid sequence analyses, are homologs to λ2, λ3, λ1, µ2 and σ2 of MRV, respectively. 11; 19 VP3 forms the continuous capsid shell, which is clamped together by 120 protruding VP6 molecules (green in Fig. 2A ). Similar organization (Fig. 2B) is observed in CPV, 18; 22; 23 a member of the Cypovirus genus24 of the Reoviridae. On each fivefold vertex is a characteristic turret structure, which is a pentamer of VP1 ( Fig. 2A ).
Beneath each turret is a strong density attributable to the GCRV transcriptase complex, likely a heterologous complex containing RNA-dependent RNA polymerase (VP2) and its putative cofactor/nucleoside triphosphate phosphohydrolase (VP4) (Fig. 2C) . The transcriptase complex structures were not resolved clearly, probably due to their partial and/or asymmetric occupancy of the icosahedrally related binding sites underneath the 12 vertices within each GCRV core 14; 25 and are not described further below.
The GCRV virion has an incomplete T=13 icosahedral symmetry, with an overall structural organization identical to those of MRV and avian orthoreovirus (ARV) (Fig. 2D, F ). 26; 27 In addition to all the structures present in the inner core, each GCRV virion contains 200 trimers formed by VP5-VP7 heterodimers, a structure that is analogous to the µ1σ3 complex of MRV. 28 These trimers and pentamer proteins VP1 associate one another to form three types of conduits/openings perforating the outer capsid layer: 29 P1, P2 and P3 (Fig. 2D ). Similar to ARV, but unlike that in MRV, the inner capsid protein density (yellow) is visible through all the conduits (Fig. 2D ). This indicates that GCRV lacks the counterpart densities corresponding to the C-terminals of µ1 proteins, which were observed to form hub-and-spoke structures in the interior of P2 and P3 conduits of MRV. 15 In addition, unlike closed turret in MRV, the GCRV VP1 turret is open in both the core ( Fig. 2A ) and the virion (P1 in Fig. 2D ). The lack of an MRV σ1 protein homolog (or σC of ARV) 26 in GCRV may account for the open turret structure we observed.
The inner capsid shell protein, VP3
A total of 120 VP3 molecules form the spherical inner capsid shell of the GCRV inner core. Our density map of the VP3 inner shell shows a high degree of structural similarity to MRV λ1, which both demonstrates the validity of our cryoEM reconstruction and confirms a close evolutionary relationship between the two viruses (Fig. 3A) . Like corresponding proteins of other Reoviridae members, two slightly different conformers of VP3 exist on the capsid shell: VP3A and VP3B (Fig. 2F ). Both conformers of VP3 have a plate-like structure with three domains: apical, carapace, and dimerization domains (Fig. 3A) , named after nomenclature established for bluetongue virus (BTV) VP3.17 Equivalent framework and general domains in inner capsid proteins have also been identified in other dsRNA viruses other than BTV such as the orthoreovirus core,13 rice dwarf virus (RDV)30 and CPV.18
A direct comparison of our VP3 map with a simulated density map of MRV λ1 (Fig. 3B) indicates that most of the secondary structure elements overlap and are thus highly conserved structurally. Almost all of the α-helices of MRV protein λ1 fit well with the density map of protein VP3 (Fig. 3C , D and E), except for the N-terminal α-helix of MRV λ1 (green helix in Fig. 3C , E). This helix is located in the inner surface facing the viral RNA genome, suggesting that the two viruses may have different RNA organizations inside the capsid proteins.
The turret protein, VP1
Five VP1 molecules (the MRV λ2 protein) comprise a turret, a cylindrical pentameric complex that sits on top of each of the 12 fivefold vertices ( Fig. 2A) .11 VP1 has been shown to have GTase activity 31 and is also believed to have RNA capping activities with SAM (S-adenosyl-L-methionin) binding domains, similar to the MRV λ2.10 ; 12 The sequence prediction and structural comparison with λ2 in MRV suggests that the GCRV VP1 turret structure can be divided into a GTase domain, two methylase domains, and an immunoglobulin (Ig)-like flap domain. The locations of these domains are all identified in our VP1 structure (Fig. 3F) . The most significant difference was observed in the Ig-like flap domain (marked in Fig 3F) . Fitting of the crystal structure of the λ2 protein into our density map of VP1 revealed that the Ig-like flap domain is tilted away from the fivefold axis, resulting in an open channel in GCRV turret ( Fig. 2A & D) . In MRV, the joining of this domain from the five subunits in each turret leads to the formation of a central cavity, which is thought to allow passage of the nascent viral plusstrand RNAs as they undergo 5'-capping and are released from the transcribing viral particle.
13; 32
The outer capsid hexon --VP5-VP7 complex
The outer capsid of GCRV is composed of 200 trimers of VP5-VP7 heterodimers ( Fig. 2D and  2F ). Three copies of the finger-like VP7 stack upon three copies of VP5 forming a VP5-VP7 complex, a structure homologous to the µ1 3 σ3 3 complex of MRV. In contrast to the high level of structural similarities observed on the inner capsid protein VP3, the GCRV VP5-VP7 complex exhibits pronounced structural differences from its structural homolog of MRV. More specifically, while the crystal structure of µ1 fits well with VP5, σ3 structure does not fit at all in the cryoEM density of GCRV VP7 (Fig. 4) .
Interactions between inner and outer capsids mediated by clamping protein, VP6
A total of 120 VP6 molecules, a homolog of MRV σ2 or CPV LPP, clamp and secure the VP3 inner capsid shell ( Fig. 2A and Fig. 5A, B) . 11 Notably, this is similar to the situation of CPV, but different from MRV or ARV core, where 150 nodules are found, 26 including 30 nodules at the twofold vertices, which are unoccupied in the GCRV core and CPV. Like LPP in CPV, there are two conformers of VP6 located at two different positions in an asymmetric unit: VP6A surrounding each fivefold axis and VP6B surrounding each threefold axis. Although VP6A and VP6B are roughly identical in their structures, they have different interaction modes with the underlying VP3 molecules (Fig. 5B) . Similar to related interactions of CPV, each VP6A interacts with one copy of VP3A and VP3B; whereas each VP6B contacts one copy of VP3A and two copies of VP3B (Fig. 5B) . Having an outer shell, the GCRV VP6 has an additional role as a mediator bridging the inner core with the outer shell (Fig. 5C-D) . VP6A also has a weak interaction with turret protein VP1 (Fig. 5D ).
The availability of the 3D structures of both the GCRV inner core and intact virion presented here makes it possible to more precisely dissect the interactions between the proteins located on the outer shell and those on the core. These interactions involve outer capsid protein VP5 with inner capsid proteins VP6 and VP1. There are four kinds of contact modes among these proteins (Fig. 5C-D) . The four types of trimers (VP5-VP7) have four different interaction modes with the clamping protein VP6. As shown in Fig. 5D , Trimer 1 has one copy of VP5 interacting with both VP6A and VP1; Trimer 2 has only one copy of VP5 interacting with VP6A; Trimer 3 has two copies of VP5 interacting with VP6A and VP6B respectively; Trimer 4 has three copies of VP5 interacting with three copies of VP6B respectively. These interactions between the mediator VP6 and VP5-VP7 trimers are tenuous as judged by the small contact areas (Fig. 5D) , which accords well with our experimental observation that the GCRV outer shell was readily removed from inner core (data not shown). Such loose interactions can facilitate the process of VP5-VP7 detachment prior to endogenous RNA transcription in the cytoplasm during early stage of viral replication.
Discussion
Within the Reoviridae family, the cores of the "turreted viruses" group -including aquareoviruses, orthoreoviruses and cypoviruses -are distinguished from those in the "smooth viruses" group -including the BTV, 33 RDV, 30 and rotaviruses -in having decorated elements on the core shell. This difference at the viral architecture or structural organization reflects the first level of divergence within the family of Reoviridae.
GCRV core is composed of 5 proteins: 19 VP1, VP2, VP3, VP4 and VP6. Comparing the protein homologs in GCRV to MRV, the levels of protein sequence similarity exhibit a decreasing trend from the inner capsid proteins toward the outer capsid proteins (Table 1) . Interestingly, VP6, the clamping protein located at the intermediate layer, exhibits some obvious divergence across the turreted virus genera of the Reoviridae. GCRV contains 120 copies of VP6, rather than the 150 copies of σ2 of orthoreovirus with three conformers. This organization of the clamping protein on the GCRV core is similar to that in CPV of the cypovirus genus, whose members are the structurally simplest among the Reoviridae, with only a single protein shell 18; 23 .
Of particular note is that GCRV lacks the MRV protein σ1 counterpart, which functions as the cell attachment protein situated on each fivefold vertex. Comparing VP1 to its MRV homolog reveals a similar overall topological structure and conserved domains involved in RNA posttranscription processing at the pentameric core turret. There are three immunoglobulin-like flap domains located at the distal end of MRV VP1, which are all believed to be involved in regulating the release of capped transcripts.13 ; 32 ; 34 ; 35 In MRV virions and its infectious subviral particles (ISVP), the residues in the most carboxyl-(C-) terminal immunoglobulinlike flap domain probably contact the base of the σ1 receptor-binding domain in virions. 13; 32 ; 36 In this case, these residues may contribute to the σ1 anchoring to λ2.36 Since no σ1 structural analog has been found in GCRV, we postulate that the VP1 flap domains might also be involved in conferring host specificity during virus entry into cells.
Amongst all the homologous structural proteins between GCRV and MRV, VP7 shares the lowest sequence identity with its counterpart σ3 of MRV, with a sequence identity of only 12%, which is close to the identity level between random protein sequences (Table 1) . This identity is also much lower than the 24% identity between VP5 and µ1. Indeed, VP5 and µ1 appear to share a very similar overall structure (Fig. 4A) . Both domains µ1N (red spheres) and µ1C (gray ribbon) fit well in our cryoEM density map (semi-transparent surface view in Fig.  4B ), suggesting GCRV VP5 and MRV µ1 have similar functional roles. In fact, the N-terminal region up to the autolytic cleavage site (Asn42-Pro43) is highly conserved with that of µ1, pointing to a similar myristoyl switch mechanism employed by VP5 for membrane penetration as by µ1 during virus entry into host cells. However, cell entry is a complex process and involves one more protein. The low sequence identity between VP7 and MRV σ3 indicates that they have acquired very divergent sequence segments in the course of evolving distinct patterns of virus-cell interaction. In MRV, σ3 plays critical roles in µ1 assembly into progeny particles by protecting µ1 and regulating the conformational status in order to expose µ1 for engaging in membrane penetration. 28 VP7 likely plays similar roles in cell attachment and may also be involved in signal transduction to help host recognition and attachment.
In summary, the structural similarities and differences between GCRV and other Reoviruses may represent species-and genus-specific divergence related to viral host interactions. Our study revealed a high level of structural similarities between GCRV and MRV in their inner capsid shells. The conserved structures are largely those functional and enzymatic domains which are responsible for maintaining inner core shell stability and endogenous transcription activity. Beyond the conserved inner capsid shell proteins, however, intermediate (e.g., clamping protein VP6) and outer protein components of these dsRNA viruses have significantly diverged. Outer capsid proteins are involved directly in viral-host interactions and clearly exhibit an even greater level of divergence. For example, in CPV, there are A spikes which sit atop the turret 22 . In rotavirus, VP4 cell attachment proteins insert into the P2 channels 37. MRV has a cell attachment protein σ1 38 ; 39. However, GCRV has no homolog of such a cell attachment protein, pointing to a different mechanism of attachment. These complexities in viral protein conservation and diversification clearly support the notion that aquareoviruses occupies a unique position across different genera of the Reoviridae.
Materials and Methods
Cell culture and viral growth CIK (Ctenopharyngodon idellus kidney) cells were grown as monolayer at 28°C in Eagle's minimum essential medium (MEM, Gibco) supplemented with fetal bovine serum (10%, FBS), and penicillin (100 U/ml)-streptomycin(100 mg/ml) (Sigma). GCRV was propagated in CIK cell cultures grown in 50cm 2 flasks (Corning). Confluent monolayer of cells was infected with a virus stock at about 5-10 PFU/ml MOI (multiplicity of infection). The infected cells were overlaid with maintenance medium (MEM) containing only 2% FBS (MEM-2) and incubated for 3 days at 28°C until mature virions released almost completely from infected cells. 10 Collected GCRV culture suspension was stored at −20°C for further use.
Purification of GCRV Virions and cores
GCRV particles were recovered from the infected cell-culture supernatants by extraction with different low speed centrifugation to get rid of cell debris, ultracentrifugation to pellet virus, and purification on sucrose density gradients to isolate uniform particles, as described elsewhere. 19 The cores of GCRV were obtained by treating purified virions in vitro with 200µg/ ml a-chymotrypsin (Sigma). The treatment occurred in 10mM PBS buffer at 37°C for 2 h. The resulting cores were further purified by banding on 20~50% CsCl (ρ=1.25 to 1.50 g/cm 3 ) gradient. A sharp band was clearly visible in the gradient and was collected and checked through negative stained transmission electron microscopy to confirm the presence of highly purified virus core. Both purified cores and intact particles collected from gradients were dialyzed against 10mM PBS and stored at −20°C until use.
CryoEM
Specimen preparation for cryoEM was carried out using conventional procedures. Gradientpurified GCRV virions/cores were quickly plunged into a bath of liquid ethane cooled by liquid nitrogen. The GCRV cores and virions were imaged using FEI 300 kV G2 Polara transmission electron microscope equipped with TVIPS 16-megapixel CCD. The cores were imaged at 200 kV with a magnification of 78,000×, corresponding to 1.16 Å pixel size. The virions were imaged at 300 kV with a magnification of 93,000×, corresponding to 0.97 Å pixel size. For both the core and the virion, focal pair images were recorded at under focus values of about 1.0 µm and 2.5 µm, respectively for the close-to-focus and far-from-focus images.
3D reconstruction and visualization
Image processing and 3D reconstruction was performed with our established procedure 40 using the IMIRS software package 41 on a Dell Workstation running Microsoft Windows XP.
Orientation estimation and refinement were done using both Fourier common-line 42; 43 and projection matching44 methods. 3D reconstruction were performed first by Fourier-Bessel synthesis45 and subsequently by spherical harmonics methods. 46 The defocus values of images were estimated from the positions of the contrast transfer function (CTF) rings visible in the incoherently averaged Fourier transforms of particle images, 47 using ctfit program of the EMAN package.48 CTF correction and B factor compensation were performed as previously described. 49 The focal-pair approach of orientation estimation was used; i.e., the orientation parameters were first determined from the far-from-focus pictures of the focal pairs and subsequently refined to higher resolution using the close-to-focus pictures. 40 Only the closeto-focus particle images were included in the final 3D reconstruction. Some particle images were eliminated based on phase residual and cross-correlation evaluations during orientation refinement and only 85% and 70% of the initially selected particle images were included in the final core and virion reconstructions, respectively.
The structures were segmented, displayed and fitted with MRV crystal structures using UCSF Chimera. 50 We optimized the fitting by using the "Fit Model in Map" function of chimera (Tools->Volume Data->Fit Model in Map), which employs a steepest ascent algorithm. During this fitting, each individual MRV protein subunit was treated as a rigid body. The molecular boundaries were defined by difference mapping of the full and core structures, by interactively assessing the continuity of the density maps at relatively higher contour levels and by comparing protein structures at quasi-equivalent positions. In addition, the well fitted crystal structures of MRV λ1 13 into our GCRV core density map provided helpful guidance for the identification of molecular boundaries.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. (A) VP3A segmented from density map of core capsid. (B) Simulated density map of λ1A from crystal structure of MRV core (PDB code: 1EJ6), 13 which was gaussian-filtered to 9-Å resolution (left) and superposed with its crystal structure (cyan) in ribbon (right) to delineate secondary structural elements. (C) Fitting of λ1A crystal structure of into VP3A density map of GCRV. Helices are in red, an N-terminal helix that cannot be assigned to any density of VP3A is in green, and the rest is in blue (cyan). (D) and (E) are zoom-in views of apical domain and carapace domain, respectively. (F) Fitting of MRV λ2 crystal structure (ribbon, PDB code: 1EJ6)13 into VP1 density map of GCRV with different domains shown in different colours as labelled. 28 shown in ribbon. The three σ3 molecules are located on top and are shown in red, purple, and yellow. The three molecules of µ1 are at the bottom and are shown in blue, green, and cyan. (B) Left: the µ1N (red spheres) and µ1C (gray ribbon) atomic models are fitted into the density map of the VP5-VP7 trimer (semi-transparent purple surface). Right: the crystal structures of one µ1 (purple ribbon) and one σ3 (cyan ribbon) are fitted in our density map. 
